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BACKGROUND: Hyperoxic lung injury is characterized by cellular damage from high oxygen concentrations that lead to an inflammatory response and it disrupts normal alveolarization in the developing newborn lung. Adenosine is a signaling molecule that is generated extracellularly by ecto-5′-nucleotidase (CD73) in response to injury. Extracellular adenosine signals through cell surface receptors and has been found to have a protective role in acute injury situations; however, chronic elevations have been associated with detrimental changes in chronic lung diseases. We hypothesized that hyperoxia-induced lung injury leads to CD73-mediated increases in extracellular adenosine, which are detrimental to the newborn lung. METHODS: C57Bl/6 and CD73 −/− mice were exposed to 95% oxygen, 70% oxygen, or room air. Adenosine concentration and markers of pulmonary inflammation and lung development were measured. RESULTS: Exposure to hyperoxia caused pulmonary inflammation and disrupted normal alveolar development in association with increased pulmonary adenosine levels. Loss of CD73-mediated extracellular adenosine production led to decreased survival with exposure to 95% oxygen, and exacerbated pulmonary inflammation and worsened lung development with 70% oxygen exposure. CONCLUSION: Exposure to hyperoxia causes lung injury associated with an increase in adenosine concentration, and loss of CD73-mediated adenosine production leads to worsening of hyperoxic lung injury.
B
ronchopulmonary dysplasia (BPD) remains a significant cause for morbidity and mortality in premature neonates (1) . BPD occurs in~1/3 of infants less than 1,000 g and is associated with worse developmental outcomes, increased re-hospitalization, and significant costs (2) .
Oxygen supplementation is one of the primary respiratory supports for premature neonates. However, high levels of oxygen exposure cause pulmonary inflammation and injury and contribute to the development of BPD (3) . Along with inflammatory changes, there is widespread disruption of pulmonary development resulting in simplified and enlarged alveoli-the hallmark features of BPD histopathology (1) . The altered developmental signaling observed in BPD includes changes in growth factors such as insulin-like growth factor 1 (IGF-1) and keratinocyte growth factor (KGF) that disrupt normal alveolarization (4) .
There is growing evidence that adenosine signaling is a key regulatory pathway contributing to the development of BPD. Adenosine is recognized as one of the important extracellular signaling molecules that regulates alveolar development as well as pulmonary inflammation and repair processes following injury (5) (6) (7) (8) . Adenosine is a nucleoside that is generated extracellularly in response to cellular injury via the dephosphorylation of extracellular adenosine triphosphate (ATP) by the enzymes ectonucleoside triphosphate diphosphohydrolase-1 (CD39) and ecto-5′-nucleotidase (CD73). CD73 dephosphorylates AMP to adenosine and is the final step in the production of extracellular adenosine. Extracellular adenosine binds to a family of G-proteincoupled receptors (Adora1, Adora2A, Adora2B, and Adora3) on the cell surface to activate a cascade of intracellular cellular-response pathways, primarily through the activation or inhibition of adenylate cyclase and the subsequent alteration of intracellular cyclic adenosine monophosphate levels (5, 8) .
During acute lung injury, elevated adenosine levels activate anti-inflammatory and tissue-protective mechanisms that protect the lung (5, 9) . Acute adenosine signaling blunts the production of multiple cytokines, decreases inflammatory cell infiltration, and preserves pulmonary vascular barrier function (10) . However, sustained adenosine signaling activate pro-inflammatory pathways with increased cytokine production and inflammatory cell infiltration (8, 11) . Finally, elevated adenosine levels in the developing lungs of adenosine deaminase (ADA) knock out newborn mice lead to disruption of normal alveologenesis (6) . Administration of exogenous ADA metabolizes extracellular adenosine, decreases adenosine signaling, and rescues the normal phenotype, suggesting that elevations in adenosine are causative in disrupting alveologenesis (6) .
Studies to investigate the potential role of adenosine in BPD are limited. Adenosine receptor polymorphisms in neonates correlate with an increased susceptibility to BPD (12) . In addition, serum ADA levels were elevated in premature infants who develop BPD with a positive relationship between levels of ADA and BPD severity (13) . Finally, caffeine, an adenosine receptor antagonist used to treat apnea of prematurity, decreases the risk of BPD in very low birthweight infants (14) . Recent studies suggest that caffeine may be working directly on the lung to decrease adenosine signaling and alter pathways that lead to BPD (15) (16) (17) (18) .
We hypothesized that exposure to high levels of oxygen to induce pulmonary injury will cause an increase in pulmonary extracellular adenosine, and genetic deletion of CD73 to decrease extracellular adenosine production will improve inflammation and alveolar development in a hyperoxic murine model of BPD.
METHODS

Animal Model in Hyperoxia
Newborn C57BL/6 mice were used as wild-type controls. CD73 −/− mice were generated on a C57Bl/6 background and genotyped as previously reported (19) . Newborn pups from multiple litters were pooled and then randomly distributed to exposure to room air (21% O 2 ), 95% oxygen, or 70% oxygen for 14 days starting between 12 and 24 h after birth. The litter size was limited to six to eight pups per litter. Nursing dams were rotated between room air and hyperoxia every 24 h. Oxygen exposure occurred in an A-Chamber (Biospherix, Lacona, NY) equipped with ProOx 110 controller (Biospherix) in the same room as room air control animals. Oxygen concentrations were monitored continuously and maintained at 70 or 95 ± 2% in the chamber at all times. The room was regulated with a 12-h light-dark cycle. Food and water were supplied ad libitum. Maintenance and care of animals were in accordance with the guidelines set by the Animal Welfare Committee (AWC) at the University of Texas Health Science Center (UTHSC) at Houston, and all experiments were approved by the AWC at the UTHSC at Houston.
Bronchoalveolar Lavage Fluid Collection and Lung Harvest
Bronchoalveolar lavage fluid (BALF) was obtained during terminal procedure as previously described (7, 9) . Briefly, at the time of sample collection, mice were anesthetized with avertin, and their lungs were lavaged four times with 0.1 ml phosphate-buffered saline containing 10 μM dipyridamole (Sigma-Aldrich, St. Louis, MO), 10 μM ADAinhibitor deoxycoformycin (dCF, R&D Systems Inc., Minneapolis, MN), and 10 μM αβ-methylene ADP, which pooled~0.3 ml fluid. A sample was separated for cell count determination using a hemocytometer. The remaining BALF was centrifuged and the supernatant stored for further analyses. Cell pellets were resuspended and aliquots were cytospun onto slides and stained with Diff-Quick (Dade Behring, Deerfield, IL) for cellular differential determination. After lavage, the pulmonary vasculature was perfused with phosphate-buffered saline by direct injection into the right ventricle. Lungs were then collected for either RNA and protein or for histology. Lungs taken for RNA and protein analysis were removed and frozen in liquid nitrogen. Whole lungs were pulverized using a BioPulverizer (Biospec, Bartlesville, OK) and separated into aliquots for RNA and protein extraction. Those lungs for histology were inflated with constant pressure of 20 cmH 2 O and fixed in formalin for 24 h. The lungs were processed and paraffin-embedded.
Five-micron sections were cut and used for histology. All lungs were processed in the same manner according to protocol to assure quality and prevent bias.
Adenosine Measurement
Adenosine concentrations in BALF supernatant were measured using high-performance liquid chromatography as previously described (9) . One hundred microliters of BALF supernatant was loaded in the high-performance liquid chromatography meter per reading and the flow rate was set at 1.5 ml/min. The representative peaks were identified and quantitated by running known external standard curves.
Lung Histology and Morphometry
Mouse lungs were collected and fixed in 10% formaldehyde for at least 24 h. The lungs were then dehydrated, paraffin-embedded, and sectioned (5 μm). The sections were rehydrated and stained with hematoxylin and eosin (Sigma-Aldrich) according to the manufacturer's instructions. Alveolar development was evaluated using the mean linear intercept (MLI) and radial alveolar counts (RAC) as previously described (20, 21) . Areas were randomly chosen and photographed at × 20 magnification for MLI and × 10 magnification for RAC. For MLI, areas with large airways and blood vessels were not included. For each morphometric analysis, 10-15 areas per slide were quantitated and averaged per slide. Image acquisition and analysis were carried out in a blinded manner to prevent bias.
Cell Culture
Mouse MLE12 (transformed mouse alveolar epithelial type II cell line) cells (ATCC, Manassas, VA) were cultured in RPMI Media 1640 (Sigma) containing 10% fetal bovine serum and antibiotics. For hyperoxia exposure, the cells were exposed to 35, 55, or 75% oxygen and 5% CO 2 for 24, 48, or 72 h.
Western Blotting and Enzyme-Linked Immunosorbent Assay
Analysis of interleukin-6 Protein was extracted from pulverized lungs or cells using RIPA lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40) containing a protease inhibitor cocktail (Thermo Fisher Scientific, Fair Lawn, NJ). Equal amounts of protein were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked with 5% (w/v) nonfat milk, washed with Tris-buffered saline-Tween-20, and incubated with primary anti-CD73 antibodies (1:1,000, goat polyclonal, Santa Cruz), anti-IGF-1 antibodies (1:500, goat polyclonal, Santa Cruz), anti-KGF antibodies (1:1,000, rabbit polyclonal, Abcam), anti-actin antibodies (1:10,000, mouse monoclonal, Sigma), and anti-GAPDH antibodies (1:20,000 mouse monoclonal, Thermo Fisher Scientific) overnight at 4ºC. Membranes were then rinsed, incubated with corresponding secondary antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature, and developed with HyGLO Chemiluminescent horseradish peroxidase Antibody Detection Reagent (Denville Scientific Inc., Holliston, MA). The Protein isolated from lung lysate was also processed using a mouse interleukin (IL)-6 enzyme-linked immunosorbent assay kit (BD Biosciences, San Jose, CA).
Real-Time PCR Total RNA was isolated from frozen lung tissue using Trizol reagent (Life Technologies). RNA samples were then DNAse-treated (ArticZymes, Tromso, Norway) and subjected to quantitative realtime RT-PCR. Transcript levels for mouse CD73 were determined by normalization to β-actin and are presented as the mean normalized transcript levels using the comparative Ct method (2ΔΔCt).
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Statistical Analysis
Results are reported as means ± SEM. Comparison between groups used two-tailed Student's t-test. Comparison among groups used two-way ANOVA followed by Tukey post tests for comparisons against control conditions using GraphPad version 5. Significance was assigned for Po0.05.
RESULTS
Adenosine Levels are Elevated in Newborn Mice Exposed to 95% Oxygen and Loss of CD73 Decreases Survival
We hypothesized that cellular injury caused by exposing newborn mouse pups to a high oxygen concentration would produce elevations of extracellular adenosine levels. To test our hypothesis, we used a severe hyperoxia model of BPD, which has been used to interrogate regulatory pathways important in the pathophysiology of BPD (22) . In this model, we placed newborn wild-type C57Bl/6 pups in room air or 95% oxygen for 14 days. At the end of exposure, the mice were killed for evaluation of pulmonary inflammation, lung development, and adenosine concentration. BALF from 95% oxygen-exposed mice had increased cell counts when compared with their room air-exposed controls (Figure 1b) , and lung histology demonstrated disruption of normal alveolar development quantitated by increased MLI and decreased RAC in 95% oxygen-exposed mice when compared with that in the room air-exposed controls (Figure 1a) . These inflammatory changes and disruption of alveolar development were associated with a fourfold increase in adenosine concentration in hyperoxic-exposed mice when compared with that in the room air controls (Figure 1c) .
To evaluate the role of elevated adenosine levels in this severe hyperoxia model, we exposed CD73 −/− mice to room air or 95% oxygen. CD73 is the membrane-bound enzyme that performs the last step of dephosphorylation of AMP in generation of extracellular adenosine. CD73 mice are consequently unable to generate extracellular adenosine from ATP that is released during cellular injury. Survival of CD73 −/− mice was significantly decreased in 95% oxygen when compared with the wild-type controls, leading to a median survival of only 6 days and death of all animals by day 11 of exposure ( Figure 1d ). This finding indicates that CD73 generation of adenosine is protective in hyperoxic lung injury in newborn mouse pups.
Seventy percent Oxygen Exposure Induced Inflammation, Disrupted Alveolar Development, and Increased Adenosine Levels
The increased mortality in CD73
−/− mice in 95% oxygen precluded our ability to interrogate the mechanistic role of CD73 in hyperoxic lung injury. Therefore, we utilized a less severe mouse model of BPD (23) using exposure to a lower oxygen concentration (70%) for 14 days to evaluate the role of CD73-mediated extracellular adenosine in hyperoxic lung injury in newborn mice. At the conclusion of exposure, the mice were killed for evaluation of pulmonary inflammation, lung development, and adenosine concentration. Survival for both wild-type and CD73
−/− mice in this model was 493% for both room air and 70% oxygen exposure over 14 days, with no difference between groups. BALF from 70% oxygen- exposed wild-type C57Bl/6 mice again had increased cell counts when compared with that from room air-exposed controls (Figure 2a) . Lung histology revealed alveolar simplification, with enlarged alveoli demonstrated by an increase in MLI and a decrease in RAC (Figure 2c ). These changes were associated with a 1.8-fold increase in BALF adenosine concentration (Figure 2b) .
Hyperoxia Leads to a Decrease in CD73 Transcript and Protein Levels
CD73 is tightly regulated in response to lung injury in a variety of lung diseases, and measurements of expression have proven to be a useful approach in understanding the regulation of adenosine synthesis and signaling during disease processes (9, 24) . The changes in CD73 are largely driven by hypoxia and transcriptional regulation by hypoxia-inducible factors (HIF) (25) . Hyperoxia, on the other hand, has been shown to blunt the protective actions of HIF in the lung (24) , but still can upregulate CD73 and Adora2b in adult mouse hyperoxic lung injury (9) . We hypothesized that we would see a similar increase in CD73 in newborn mice exposed to hyperoxia. Whole-lung lysates from wild-type mice exposed to room air or oxygen were obtained before exposure to oxygen (P1) and during room air or 70% oxygen exposure (P3, P8, and P15). Expression of CD73 in wild-type mice in room air showed a progressive increase in mRNA levels from P1 to P8, but then a decrease by P15 (Figure 3a) . Hyperoxiaexposed mice also had increasing CD73 transcript levels to P8, but at P8 the level of CD73 mRNA was significantly less than room air controls. At P15, the transcript levels decreased as comparable to the levels in room air controls. Western blot analysis demonstrates a similar trend with an increase in CD73 protein in wild-type animals in room air from P8 to P15 (Figure 3b) . However, hyperoxia-exposed mice had Adenosine levels are elevated in 70% hyperoxia. Wild-type mice were exposed starting 12-24 h after birth to either room air or 70% hyperoxia (70% O 2 ) for 14 days. BALF analysis showed an increase in cell count (a), indicating increased inflammatory cell infiltration. (c) Representative H&E-stained histology (original magnification × 10 magnification) demonstrates alveolar simplification with enlarged alveolar spaces with a significant increase in the mean linear intercept and decreased alveoli number with a significant decrease in radial alveolar count in 70% oxygen-exposed animals when compared with room-air-exposed animals. (b) BALF adenosine concentration was found to be elevated 1.8-fold in mice exposed to 70% oxygen. *P ≤ 0.05. N = 8 for room air and 28 for hyperoxia. BALF, bronchoalveolar lavage fluid; H&E, hematoxylin and eosin.
significantly less CD73 when compared with room air controls. These findings demonstrate that oxygen exposure blunts the developmental increase of CD73 postnatally in newborn mice.
To confirm the effect of oxygen exposure on CD73 transcription and protein levels, we exposed mouse lung epithelial cells (MLE-12) to oxygen and measured CD73 mRNA and protein. MLE-12 cells had decreased CD73 mRNA expression in 75% oxygen at 24, 48, and 72 h exposure (Figure 3c ). CD73 protein levels are also decreased at all three time points (Figure 3d ). Dose titration of oxygen concentration demonstrated a 40% reduction in protein levels in 35% oxygen for 48 h, a 92% reduction in protein in 55% and 75% oxygen for 48 h (Figure 3e) . Taken together, these results demonstrate that oxygen exposure decreases CD73 expression and protein levels in pulmonary cells.
Loss of CD73 Worsens Abnormal Alveolarization and Pulmonary Inflammation with Oxygen Exposure
Despite decreased CD73, hyperoxia-exposed newborn mice have an increase in pulmonary adenosine levels. To evaluate the role of elevated extracellular adenosine in hyperoxic lung injury, we used CD73 −/− mice to decrease adenosine production and then measured inflammation and alveolar development. CD73 is the enzyme that performs the last step of dephosphorylation in the extracellular production of adenosine from ATP. Therefore, CD73 −/− mice are not able to generate extracellular adenosine from ATP that is released during cellular injury. We exposed CD73 −/− newborn pups to 70% oxygen or room air for 14 days after birth. BALF adenosine concentrations were decreased in CD73 −/− mice in both room air and 70% oxygen compared with those in wildtype controls (Figure 4a ). Lung sections were prepared for histology (Figure 4b ). CD73 −/− mice had normal lung development in room air compared with wild-type controls. However, CD73 −/− mice had a marked abnormal alveolar development with increased alveolar simplification and enlargement of alveolar spaces reflected in an increase in MLI and a decrease in RAC in CD73 −/− mice in hyperoxia when compared with wild-type hyperoxia-exposed animals. Alterations in growth factor signaling have been recognized to have a primary role in abnormal alveolar development in BPD (4) . Two important growth factors include IGF-1, which is increased in BPD (26, 27) , and KGF, which is decreased in BPD (28) . We focused on these two factors because adenosine signaling can regulate production of KGF (29) , and adenosine primarily signals through alterations of intracellular cAMP, which can regulate expression of IGF-1 (refs 30,31 mice in hyperoxia; however, no difference in KGF protein levels was observed (Figure 4b,c) .
Adenosine is also a potent regulator of pulmonary inflammation following lung injury; therefore, we also evaluated inflammation with loss of CD73 in hyperoxic exposure. BALF cell counts were increased in CD73 −/− mice in 70% oxygen exposure (Figure 5a) . Differential of BALF cell types demonstrated a trend for increased macrophages, no change in neutrophils, and an increase in lymphocytes in CD73 −/− mice in hyperoxia when compared with that in wildtype controls (Figure 5b) . IL-6, a known downstream target of adenosine (32) that is increased in BPD and animal BPD models (33, 34) , was also determined. In CD73 −/− mice, there was a trend for increased IL-6 in whole-lung lysate when compared with that in wild-type mice exposed to hyperoxia as measured with enzyme-linked immunosorbent assay, but the difference was not statistically significant.
DISCUSSION
Adenosine has been shown to have a regulatory role of inflammation and repair following lung injury in many adult models of lung injury (5). However, adenosine's role in the lungs of newborn animals exposed to hyperoxia remains largely unknown. Given the prevalent use of oxygen supplementation in premature neonates and its contribution to the pathophysiology of BPD, the goal of our study was to determine the role of adenosine signaling in a newborn mouse hyperoxic lung injury model of BPD. We hypothesized that hyperoxia leads to elevations of adenosine, and these elevations have a detrimental role in the developing lungs of newborn mice to disrupt alveologenesis and exacerbate pulmonary inflammation. We found that exposure to high levels of oxygen causes increased levels of extracellular adenosine despite decreasing CD73, but loss of CD73 prevented extracellular adenosine elevation, worsened −/− mice were exposed starting 12-24 h after birth to either room air or 70% hyperoxia (70% O 2 ) for 14 days, and alveolar development was compared with wild-type mice exposed to room air and hyperoxia. (a) BALF adenosine concentrations are decreased in CD73 −/− mice in room air and 70% hyperoxia when compared with those in wild-type mice. (b) Representative H&E-stained histology (original magnification × 10) and the mean linear intercept shows that loss of CD73 worsens alveolar simplification in 70% oxygen-exposed mice. Western blot analysis shows significant increase in IGF-1 (c), but no change in KGF (d) in CD73 −/− mice exposed to 70% oxygen. *P ≤ 0.05. BALF, bronchoalveolar lavage fluid; H&E, hematoxylin and eosin; IGIF-I, insulinlike growth factor 1; KGF, keratinocyte growth factor.
survival, and exacerbated alveolar simplification and pulmonary inflammation with hyperoxic lung injury. Taken together, our results suggest that adenosine has a protective role in hyperoxic lung injury in newborn mice.
Our first goal was to evaluate the effect of oxygen exposure on extracellular adenosine concentrations. Our in vitro and in vivo studies demonstrated a consistent downregulation of CD73 and decreased protein levels with hyperoxia exposure. This was not surprising since CD73 expression is largely controlled by the transcriptional regulation of HIF (25) , and oxygen prevents it from upregulating HIF-responsive elements such as CD73 (ref. 24) . However, this contradicts our findings in adult mice (9) , reaffirming important differences between adults and newborns.
Despite downregulation of CD73 in hyperoxia, we found significant elevations of extracellular adenosine with exposure to both 95 and 70% oxygen. In addition, there was a correlation between oxygen concentration, degree of inflammation, and alveolar developmental disruption and degree of adenosine elevation. This was not surprising, given the method of cellular injury in oxygen. High levels of oxygen cause oxidative damage that, along with the resulting inflammation and cell death, will lead to a large efflux of ATP from the cell that will be dephosphorylated to adenosine. The extent of cellular injury may lead to excessive ATP release that produces elevated extracellular adenosine despite downregulation of CD73. Oxidative damage to cell membranes in hyperoxia could also lead to adenosine release from the cell directly. However, the lack of adenosine elevation and phenotypic changes in CD73 −/− mice in hyperoxia suggests that the CD73-mediated generation of extracellular adenosine has a primary role in regulation of tissue response following hyperoxic lung injury.
A major objective of this study was to determine the role of elevated adenosine levels in newborn hyperoxic lung injury, specifically assessing effects on alveolar development and pulmonary inflammation. A previous study from our group showed that significant pulmonary elevations of adenosine in ADA-deficient mice lead to inflammation and disrupted development (6) . Lowering adenosine levels in these mice with ADA administration attenuates this pulmonary disease. On the basis of this study, we hypothesized that elevations of adenosine in hyperoxia contribute to the inflammatory response and abnormal alveologenesis, and decreasing extracellular adenosine production using CD73 knockout mice would attenuate the pulmonary findings in our model. Contrary to our hypothesis, the exacerbation of hyperoxic lung injury in CD73 −/− seemingly contradicts our findings in ADA-deficient newborn mice. One possible explanation is that in ADA-deficient mice, there are also increased levels of deoxyadenosine that are known to be cytotoxic and may have detrimental effects on lung development by inducing apoptosis of key pulmonary cells (6) . Alternatively, the effects could represent a goldilocks principle where ADA deficiency and CD73
−/− produce extreme changes in extracellular adenosine levels that both produce detrimental effects. The increase in CD73 after birth suggests that adenosine signaling is tightly regulated in the developing lung, and any alteration either low or high could disrupt normal pulmonary development. We observed a correlation between oxygen level, adenosine level, and degree of disruption of alveolar development. This is supported by concentration-specific effects of caffeine on cultured AT2 cells in hyperoxia, where lower doses were protective but high doses of caffeine were deleterious (18) . In addition, adenosine signaling alters newborn cytokine production in a U-shaped relationship with both low and high caffeine levels being associated with cytokines linked with BPD (35, 36) . Finally, the Caffeine for Apnea of Prematurity trial demonstrated increased benefit from caffeine on patients receiving higher levels of respiratory support that may lead to higher adenosine levels through increased lung injury (37) . Studies that further titrate adenosine levels are needed to better elucidate the relationship between adenosine signaling and disruption of alveolar development.
Despite the apparent contradictory results in our study and in ADA-deficient mice, our results are in line with a number of studies showing either no benefit or detrimental effects of caffeine, an adenosine receptor antagonist, on hyperoxiaexposed newborn mice (15, 17) . This includes a study by Rath et al. demonstrating that caffeine had no effect on alveolar development in hyperoxia (17) and a study by Dayanim et al. showing caffeine increased inflammation and worsened disruption of alveologenesis in hyperoxia (15) . Specifically, they showed that caffeine has detrimental effects on AT2 cells in hyperoxia-exposed newborn mice. Because of these findings, we evaluated KGF levels in our model, but did not find a difference in CD73 −/− mice that would indicate a paracrine effect of adenosine on AT2 cells. We did find a significant increase in IGF-1 in CD73 −/− mice in hyperoxia. Elevations in IGF-1 are associated with abnormal lung development in animal models of BPD (38) and human BPD lung samples (26, 39) . Taken together, the increase in IGF-1 in hyperoxia could explain the abnormal pulmonary development in CD73 −/− mice. There is a well-established relationship between inflammation and alterations in lung development in the pathophysiology of BPD (40) , and pathways that regulate pulmonary inflammation in the newborn lung hold important therapeutic possibilities. A key finding in our study is the exacerbation of pulmonary inflammation with increases in leukocyte recruitment by loss of CD73 in hyperoxia. This was again contradictory to previous findings in ADA-deficient mice in which sustained elevations of adenosine contributed to pulmonary leukocyte recruitment. However, it is supported by studies demonstrating adenosine's ability to alter cytokine production in neonates (35, 36) . Perhaps, most interesting was the recognition of a U-shaped distribution in IL-1β, IL-6, and tumor necrosis factor-α where both low and high caffeine levels were associated with higher cytokine serum concentrations (35) . Thus, loss of CD73 could lead to decreased adenosine signaling similar to caffeine's antagonism of adenosine receptors, leading to increased inflammation that contributes to the abnormal alveolar development. This again suggests that the adenosine signaling pathway is tightly regulated in the newborn, and alterations too far in either direction may lead to detrimental effects.
Our findings suggesting a protective role of adenosine in hyperoxic lung injury are at odds with clinical studies showing benefits of caffeine administration. This may be because of the limitations of the animal models of human disease used in this study. Although animal models give us insight into a potentially important role for regulatory molecules such as adenosine, it is difficult to directly translate the results from our study into the clinical care of neonates, and findings in mouse models need to be validated with further studies including higher-level animals and investigations with human samples. However, we feel that our findings demonstrate the importance of understanding the role of endogenous adenosine production and metabolism on pulmonary development, and the effect of alterations in disease processes such as BPD. Specifically, this study adds to the clinical concerns raised by animal models on the use of caffeine in neonatal patients. Caffeine has been shown to decrease the risk of BPD in premature infants (14) and so many neonatal intensive care units have protocols to universally treat premature infants with caffeine regardless of respiratory support. Although the clinical data support a benefit, there may be unintentional detrimental effects that could be minimized with a better understanding of adenosine's role in the developing lung of premature neonates.
In summary, we have demonstrated that exposure to a hyperoxic environment leads to an increase in extracellular adenosine in newborn mice and loss of CD73 leads to exacerbation of abnormal alveolar development and pulmonary inflammation. These results have implications for potential therapies for prevention and treatment of BPD, as well as potential implications for the use of caffeine in premature neonates.
